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Abstract

X-ray resonant techniques have been used to study the ground state and electronic excitations of the perovskite

Pr0:6Ca0:4MnO3: We utilized resonant diffraction at the Mn K-edge as a contrast technique for determining the pattern

of Mn atoms in inequivalent crystallographic sites. In order to determine the important properties of the 3d electrons in

this system, we have probed the unoccupied 3d orbitals using the magnetic and non-magnetic soft X-ray diffraction at

the Mn L-edges. Finally resonant inelastic X-ray scattering experiments have been performed at the Mn K-edge. This

latter technique provides new insights into the ground state as it probes the elementary electronic excitations.

r 2003 Published by Elsevier B.V.
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1. Introduction

Resonant X-ray scattering (RXS) techniques
have developed rapidly as energy-tunable and
intense X-ray beams are now exploited in ever-
increasing ways. We consider here two techniques
that involve tuning the incident energy of a
monochromatized beam through an atomic
absorption edge. One may measure the modulation
of the Bragg peak intensity with energy and one may
energy resolve the inelastically scattered photons.
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The former technique is referred to as resonant
X-ray diffraction (RXD), the latter is referred to as
resonant inelastic X-ray scattering (RIXS).

Both the techniques are of great interest for the
study of the ground states of strongly correlated
electron materials: RXD is sensitive to the
electronic configuration of the resonant element
which includes the surrounding structural confi-
guration and its symmetries, the highest occupied
orbitals and their magnetic moments [1–3]. RIXS
permits one to probe the lowest intra-site or inter-
site electronic excitations such as charge transfer
excitations or orbital excitations [4–6].

These resonant scattering techniques found
natural applications in several 3d systems such as
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the high Tc cuprates, the magneto-resistive man-
ganites and other systems of theoretical and
technological importance. In these strongly corre-
lated systems, the interplay among the various
electronic degrees of freedom, including those of
spin, charge, lattice and orbital degeneracy lies
at the heart of the wide variety of phenomena.
Particularly noteworthy examples of this
interplay occur in the perovskite manganites
RExAE1�xMnO3 (where RE is a trivalent rare
earth and AE a divalent alkaline earth) for which
the Mn atoms have a partially filled, high spin, 3d
band. These materials exhibit rich phase diagrams
in which the balance between the various degrees
of freedom may be altered by a variety of methods,
including hole doping, cationic size mismatch,
temperature, pressure, magnetic field and electro-
magnetic radiation [7,8].

The ground state in the vicinity of half doping
ðx ¼ 0:5Þ is interesting as an example of the
balance among the various degrees of freedom
because it exhibits the colossal magneto-resistant
(CMR) effect. It has been believed to exhibit
charge, orbital and magnetic order. In the 1950s,
Goodenough described the ordering as comprising
a checkerboard pattern of Mn3þ and Mn4þ sites
(charge order) [9]. In this picture, the Mn3þ sites
have an extra eg electron that occupies a 3z2 � r2-
type orbital and these orientationally align in a
cooperative manner to form an anti-ferro-type
pattern within the plane (orbital order). On the
basis of the exchange pathways set up by this
order, a complex magnetic ordering occurs which
may be thought of as zig-zag chains of ferromag-
netically aligned spins which are coupled anti-
ferromagnetically with their neighboring chains
(CE-type AF order).

This simple picture has survived relatively
unchallenged to the present day. The support
from experimental observations includes the var-
ious structural studies (both X-ray and neutron)
which reveal the presence of inequivalent Mn sites,
one of which sits in a distorted octahedron
consistent with 3z2 � r2 occupancy, the other in
an undistorted octahedron (see e.g. [10]). In
addition, neutron refinement of magnetic moments
find two different moments on the two sites, with
mð3þÞ=mð4þÞ about 1.1 [11]). Further consistency
is found with recent RXS results which identify
short-range orbital correlations as the origin of the
observed short-range magnetic correlations on the
Mn3þ sublattice [10,12]. Finally, transport, optical
and NMR data have all been interpreted in terms
of this picture [7].

However, the existence of this Mn valence
organization has been recently questioned.
In particular, a complete valence separation
(i.e. Mn3þ=Mn4þ) appears to be inconsistent with
X-ray absorption near edge structure spectra [13].
This study suggests that, at most, only a small
charge disproportionation, either on the manga-
nese atoms or at a molecular scale, can be
supported [13]. Further, the recent crystallo-
graphic structure refinement of Daoud-Aladine
et al. [14] is inconsistent with a checkerboard
model of inequivalent Mn atoms, it exhibits no
significant charge disproportionation and serves as
a basis for introducing a model based on the so-
called Zener polarons. Though this latter study
was questioned [15], both reveal that despite 50
years of experimental and theoretical effort, there
remain some very basic questions to be answered
in the half-doped manganites.

We have sought to address this issue by
performing RXD studies at the Mn K- and
L-edges and RIXS at the Mn K-edge of
Pr0:6Ca0:4MnO3:
2. RXD at the Mn K-edge and L-edge

The X-ray resonant scattering process may be
described as the virtual absorption of a photon by
a core electron that is promoted to an unocuppied
level. The excited electron decays to the initial state
thereby emitting the outgoing photon, without loss
of energy in the case of elastic scattering. The
unoccupied states are sensitive to the electronic
configuration, such as the population of the
highest occupied orbitals, their magnetic moment
and the surrounding atomic distribution. As a
result, the transition rate and therefore the X-ray
resonant cross-section are also sensitive to such
quantities.

The process is to a good approximation
‘‘dipolar’’ in that only electronic states whose
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Fig. 1. RXD at the (3 0 0) and (0 3 0) reflections show similar

resonant behavior as the propagation vectors for inequivalent

Mn atoms are equivalent along the (1 0 0) and (0 1 0) crystal-

lographic directions. The real space model and the crystal-

lographic phase shift between the two sites for these reflections

are indicated in the inset [15].
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angular momenta are separated by one unit can be
coupled. Therefore the interesting valence Mn 3d
states, are accessible in principle only from the 2p
or 3p bands. This has an important consequence
from an experimental point of view, because the
energy of these resonances limits the accessible Q
space (the 2p edges are about 650 eV which
corresponds to lE19 (A for the photons). Further-
more at such energies, the absorption along
the beamline is important, so all the set up
including the spectrometer, the detector and the
cold finger of the cooling system need to be in
vacuum. An alternative approach has been to
study the 3d structure indirectly with K-edge
RXD.

At the K-edge one promotes the 1s electron to
an unoccupied 4p level, which are mostly sensitive
to the oxygen configuration. Therefore the RXD
technique at the K-edge is mainly used as a
contrast technique. Indeed different crystallo-
graphic sites have different resonant scattering
factors because of different surrounding oxygen
configuration. In Fig. 1, one can see the strong
variations in the diffracted intensity for the (3 0 0)
and (0 3 0) reflections, for which two inequivalent
sites scatter in opposite phase. Tuning to the
K-edge enhances this difference. The analysis of
these measurements indicates that inequivalent
Mn atoms are arranged in a checkerboard pattern
(thus supporting the CE-type model) [15]. The
spectra have been measured at 9IDB (Advanced
Photon Source, USA).

The orbital and magnetic ordering in
Pr0:6Ca0:4MnO3 has been studied also at the
L-edges. At X1 beamline (National Synchrotron
Light Source, USA) we have measured the energy
lineshape of the orbital (0 1

2
0) and magnetic (1

2
0 0)

propagation vectors respectively [16]. At the LII

and LIII edges one can directly access the
unoccupied 3d states. The dimension of the orbital
and magnetic unit cells, each about 11 (A; makes
diffraction possible at these energies. The resonant
scattering factors now have a strong magnetic
contribution due to the anti-ferromagnetic order-
ing of the occupied 3d states. We have also
characterized the temperature dependance of the
magnetic and orbital orderings. The results will be
presented elsewhere [16].
3. RIXS at the Mn K-edge

By tuning the energy of the incident photons
through the Mn absorption edge, one can observe
two new types of scattering process. The first of
these corresponds to a one-electron decay of the
core hole, from an electron state below the Fermi
energy. The decay 3d-1s is such a process; the
corresponding Kb5 line at 6:534 keV is shown in
Fig. 2. The second process involves an energy
transfer from the virtual 1s–4p exciton to the
valence electron system. When the exciton decays,
the photon is emitted with an energy equal to the
initial energy minus the energy transfer to the
valence electrons. Such scattering is responsible for
the intensity visible in Fig. 2 between about 2 and
15 eV energy loss.

In principle the scattered photons can be
measured over the entire Q space at the K-edge,
so that the entire Brillouin zone is accessible. In
Fig. 3 we also show new data of the momentum
dependence of the ‘‘11:5 eV’’ emission line. The
excitation spectra have been fitted to a Lorentzian:
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Fig. 2. RIXS spectrum of Pr0:6Ca0:4MnO3 which shows the

intensity of the scattered photons as a function of the energy

loss Ei � Ef : The incident photon energy was 6:557 keV:

10 12 14 16 18 20
energy loss (eV)

in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

2.75
2.5
2.25
1.75
1.5
1.25
1

RIXS - Pr0.6Ca0.4MnO3

1 1.5 2 2.5 3
k

11

11.5

12

12.5

en
er

gy
 lo

ss

Q = (0 k 0)

k = 

Fig. 3. Momentum dependence of the ‘‘11:5 eV’’ feature, the

inset shows the energy of that excitation as a function of Q ¼
ð0k0Þ: The incident energy was Ei ¼ 6:557 keV:
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the position in energy of the emission line is
confined between 11.57 and 11:75 eV ð70:075 eV).
The momentum dependence is small and appears
symmetric with respect to the (0 2 0) position with
maxima at the (0 1 0) and (0 3 0) positions. We note
that the position in the Brillouin zone is not well
defined as this 3D perovskite crystallizes in
different domains corresponding to the (0 1 0),
(1 0 0) and (1 1 2) crystallographic directions.
Though as the momentum dependence indicates a
non-local excitation, these data can shine new light
on the interpretation of this excitation. Up to now
it has been attributed to the charge transfer from
the 2p oxygen band to the Mn 4s=4p-band [17].
4. Conclusion

Resonant scattering techniques at the K-edge and
the L-edges have been performed to study the
ground state and the low-energy excitation spectrum
of Pr0:6Ca0:4MnO3: The RXD analysis at the
K-edge supports a checkerboard pattern of inequi-
valent Mn atoms. We expect that the analysis of the
magnetic and orbital RXD spectra at the
L-edges and of RIXS data will lead to a quantitative
description of the occupied 3d states in an
unprecedented detail. To our knowledge, the half-
doped CMR Pr0:6Ca0:4MnO3 is the only system for
which all these measurements are available.
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